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A B S T R A C T
Entomopathogenic fungi play a central role in Brazil’s biopesticide market. Approximately 50% of registered
microbial biopesticides comprise mycoinsecticides and/or mycoacaricides consisting of hypocrealean fungi, with
most based on Metarhizium anisopliae sensu stricto (s. str.) and Beauveria bassiana s. str. These fungi are mainly
used to control spittlebugs in sugarcane ﬁelds and whiteﬂies in row crops, respectively, with annual applications
surpassing three million hectares. Research also emphasizes the potential of fungal entomopathogens to manage
arthropod vectors of human diseases. Most registered fungal formulations comprise wettable powders or tech-
nical (non-formulated) products, with relatively few new developments in formulation technology. Despite the
large area treated with mycoinsecticides (i.e., approx. 2million ha of sugarcane treated with M. anisopliae and
1.5 million ha of soybean treated with B. bassiana), their market share remains small compared with the che-
mical insecticide market. Nevertheless, several major agricultural companies are investing in fungus-based
products with the aim at achieving more sustainable IPM programs for major pests in both organic and con-
ventional crops. Government and private research groups are pursuing innovative technologies for mass pro-
duction, formulation, product stability and quality control, which will support cost-eﬀective commercial my-
coinsecticides. Here, we summarize the status of mycoinsecticides currently available in Brazil and discuss future
prospects.
1. Introduction
Brazil is a major exporter of agricultural products (FAO, 2015), with
favourable tropical and sub-tropical growing conditions supporting
year-round production of many important commodities with two or
more harvests annually. Land use for agriculture has increased from
106 million hectares (ha) cultivated in 1940 to 220million ha in 2010,
largely resulting from expansion in Mid-Western and Northern regions
(Dias et al., 2016). Since 2008, Brazil has become the largest global
consumer of synthetic pesticides (Pignati et al., 2017). Many chemical
insecticides, such as carbofuran that have been banned or phased out in
other countries, are still used in Brazil, a practice that poses health and
environmental hazards (Pignati et al., 2017).
Brazil has a long tradition in the use of microbial pesticides for the
control of arthropod pests, with 82 registered products currently listed
(Fig. 1). Products are distributed among fungi (60%), bacteria (29%),
baculoviruses (10%), and nematodes (1%). Here we limit our review to
mycoinsecticides and mycoacaricides based on hypocrealean fungi,
which comprise almost 50% of the microbial products registered in this
country (Table 1). Hereafter, we use ‘mycoinsecticides’ to include all
fungus-based products used to control insects, mites and ticks. The
entomopathogenic fungus Metarhizium anisopliae s. str. has long been
used against spittlebugs (Hemiptera: Cercopidae) in sugarcane (Li et al.,
2010) and represents the largest microbial control program using a
mycoinsecticide worldwide. More recently, use of Beauveria bassiana s.
str. has reached an unprecedented large acreage for controlling
whiteﬂies and other pests (van Lenteren et al., 2017). Other microbial
control programs include the widespread adoption of Anticarsia gem-
matalis (Lepidoptera: Noctuidae) nucleopolyhedrosis virus (NPV) for
management of soybean caterpillar (Moscardi, 1999), and Trichoderma
spp. against soil-borne plant diseases (Bettiol, 2011). Currently, several
global and domestic companies are looking to expand markets and
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portfolios for mycoinsecticides in Brazil.
2. The use of fungal entomopathogens in Brazil: history and
current status
The Brazilian mycoinsecticide market has undergone many changes.
In the 1970s, grower cooperatives in the Northeastern region began
production of M. anisopliae for spittlebug, Mahanarva posticata, control
in sugarcane. Currently, local sugarcane mills still mass-produce this
fungus, and several registered products are available (Table 1). The
demand for these products continues to increase in the Southern,
Southeastern, and Mid-Western regions to control other Mahanarva
species.
According to the Brazilian Association of Biological Control
Companies (ABCBio), the biological control market is expected to grow
15–20% in the coming years (Faria, 2017). Despite the optimism for
market expansion in Brazil, the industry faces challenges limiting the
growth potential for mycoinsecticides. Current issues for mycoinsecti-
cides include illegal production and distribution of non-registered
products, that may lack eﬃcacy and quality control as a result of un-
controlled conditions during fermentation. Other challenges to the
market growth include competing with conventional insecticides and
acaricides from companies with established distribution networks.
Additionally, many primary pests cannot be controlled solely with
biological products, because of the level of control does not meet the
expectations of end users that are based on experience with chemical
insecticides. Needless to say, short shelf life under non-refrigerated
conditions still limits the distribution of mycoinsecticides in the tropical
areas of Brazil. Finally, there is indeed a need for science-based re-
commendations for improved delivery strategies and integration with
other control methods.
3. The underexplored Brazilian fungal diversity
Brazil is well-known for its biodiversity of fungal entomopathogens.
However, similar to other biopesticide markets, only a small proportion
of available fungal strains have been developed; and only three species
of hypocrealean fungi are commercially produced (Table 1). In the
genus Metarhizium, for instance, new species and species not previously
found in Brazil have been reported in the last ﬁve years, e.g. Metarhi-
zium alvesii sp. nov. and M. blattodeae sp. nov., with more unindentiﬁed
(Lopes et al., 2017, 2014b, 2013a, 2013b; Montalva et al., 2016a;
Rezende et al., 2015). An investigation of the diversity of Metarhizium
spp. in a single sugarcane ﬁeld in São Paulo State using multilocus
genotyping revealed 308 isolates, with 71 recovered from spittlebugs,
22 from roots, and 213 from soil. A total of 152 microsatellite haplo-
types were identiﬁed. The highest haplotype diversity (h=0.985) was
found in soil and the lowest (h=0.755) in insects (N. Iwanick, un-
published). Despite high endemic biodiversity, only fourM. anisopliae s.
str. strains (IBCB 425, IBCB 348, PL 43 and ESALQ E9) are used among
24 commercial products (Table 1).
Similar explorations for Beauveria spp. are in progress (R.B. Lopes,
D.A. de Souza, M. Faria, unpublished). The presence of less common
fungal entomopathogens, including Isaria tenuipes isolated from cater-
pillars, and Colletotrichum nymphaeae and Lecanicillium longisporum
isolated from citrus scale known as ‘orthezia’ were also recently docu-
mented (Mascarin et al., 2016a, 2017). There is potential for new fungal
entomopathogens to be developed for new targets. For example, a re-
cent three-year investigation on pathogens of dipteran vectors in Cen-
tral Brazil found candidates among Saprolegniales, Entomophthorales,
and Blastocladiales, e.g. Leptolegnia chapmanii, Conidiobolus macro-
sporus, and Coelomomyces santabrancae (Montalva et al., 2016b, 2016c;
Rueda-Páramo et al., 2017).
4. Major microbial control programs employing fungal
entomopathogens
4.1. Metarhizium anisopliae vs. spittlebugs
The nymphal and adult stages of spittlebugs suck on roots and
leaves of sugarcane, respectively, resulting in productivity and quality
losses. The elimination of plant burning prior to harvesting has fa-
voured the occurrence of this pest (Dinardo-Miranda et al., 2002).
Microbial control of spittlebugs started in the 1970s (Alves and Lopes,
2008; Li et al., 2010). Annually, over 20% of the 9million ha of Bra-
zilian sugarcane are treated with M. anisopliae s. str. to control the
cercopids Mahanarva ﬁmbriolata and M. spectabilis (Parra, 2014; van
Lenteren et al., 2017). This practice is among the largest microbial
control programs based on a fungal entomopathogen worldwide. The
fungus is still primarily produced by sugarcane mills as essentially
unformulated products (colonized rice grains) for local (on farm) use,
although commercial wettable powders, oil dispersions (aerial
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Fig. 1. Summary of the number of commercial mi-
crobial biopesticides registered in Brazil (Agroﬁt,
2017).
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conidia+ emulsiﬁable oil) and suspension concentrates (blastospores
in a water-based suspension) are also found (Li et al., 2010; Michereﬀ-
Filho et al., 2009).
There is a potential market for resilient fungal structures with
longer persistence than aerial conidia for targeting soil-inhabiting in-
sects. Other researchers have discovered that some anamorphic fungi
such as Metarhizium spp. produce compact hyphal aggregates named
“microsclerotia” in submerged liquid culture (Jackson and Jaronski,
2009). Microsclerotia are usually pigmented, desiccation tolerant and
shelf stable. Since these structures can use endogenous reserves to
germinate and to sporulate, they are suitable for controlling soil-
dwelling insects (Jackson and Jaronski, 2009; Mascarin et al., 2014).
Field trials are underway in Brazil to assess the performance of mi-
crosclerotia for the management of spittlebugs (J.E.M. de Almeida,
personal communication). We hypothesize that microsclerotial granules
will produce infective spores in situ, creating foci of inoculum over time,
and providing longer-term spittlebug control, when compared with
conidial-based formulations.
4.2. Beauveria bassiana vs. whiteﬂy
Fungal entomopathogens have been tested against whiteﬂies under
laboratory conditions for many years (Mascarin et al., 2013; Vicentini
et al., 2001). However, recently the use of B. bassiana s. str. to manage
Bemisia tabaci (Hemiptera: Aleyrodidae) has increased dramatically,
with an estimated 1.5million ha of soybeans treated annually (Danilo
Pedrazzoli, personal communication; van Lenteren et al., 2017). Cur-
rent mycoinsecticides registered for whiteﬂy control are based on aerial
conidia of B. bassiana s. str. (Table 1). Two strains (ESALQ PL63 and
IBCB 66) are used in 13 commercial products targeting B. tabaci. This
impressive expansion of B. bassiana to control a major pest likely relates
to failures of chemical insecticides due to resistance. Despite the lack of
scientiﬁc studies supporting their eﬀectiveness in the ﬁeld, growers are
using a lot of B. bassiana products, likely in response to the failures of
chemical insecticides in many cases.
4.3. Beauveria bassiana vs. coﬀee berry borer
The coﬀee berry borer (CBB), Hypothenemus hampei (Coleoptera:
Scolytidae), is the most important insect pest of coﬀee in Brazil and
worldwide (Infante et al., 2014). Since endosulfan was banned in 2013,
H. hampei infestation rates have risen in the major coﬀee-producing
regions, providing an incentive for alternatives. Since surveys show that
B. bassiana naturally infects CBB in the ﬁeld at low levels (Costa et al.,
2002), the use of three mycoinsecticides based on native B. bassiana s.
str. strains (namely ESALQ PL63, CG 716 and IBCB 66) have recently
Table 1
Mycoinsecticides and mycoacaricides registered in Brazil.
Source: Agroﬁt (2017).
Commercial name Strain code Formulation typea Target pests Manufacturer
Metarhizium anisopliae s. str.
Arizium IBCB 425 WP Mahanarva ﬁmbriolata, Notozulia (Zulia) entreriana TecniControl Ltda.
BioMetha GR Plus PL 43 TK M. ﬁmbriolata, Notozulia sp., Deois sp. Biotech
Biorhizium GR IBCB 425 TK M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Bioenergia do Brasil SA
Biorhizium WP IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Bioenergia do Brasil SA
Bioninsect IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Koppert do Brasil Ltda.
Eco Meta IBCB 425 WP M. ﬁmbriolata Toyobo do Brasil Ltda.
Ecometa Power IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Toyobo do BrasilLtda.
GR-INN IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Agrivalle Ltda.
Metamax Líquido IBCB 425 SC M. ﬁmbriolata Bio Soja Ltda.
Metapremium IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Biopremium Ltda.
Metarﬁto IBCB 425 TK M. ﬁmbriolata, N. entreriana Fitoagro Controle Biológico Ltda.
Metarhizium JCO IBCB 425 TK M. ﬁmbriolata, N. entreriana, D. ﬂavopicta JCO Ltda.
Metarhizium JCO WP IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta JCO Ltda.
Metarhizium Oligos IBCB 425 TK M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Oligos Biotecnologia Ltda
Metarhizium Probio IBCB 425 TK M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Probio Ltda.
Metarril WP ESALQ E9 WP M. ﬁmbriolata Koppert do Brasil Ltda.
Metarriz GR Biocontrol IBCB 425 TK M. ﬁmbriolata, N. entreriana Biocontrol Ltda.
Metarriz Plus WP Biocontrol IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Biocontrol Ltda.
Metarriz WP Biocontrol IBCB 425 WP M. ﬁmbriolata Biocontrol Ltda.
Meta-Turbo IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Biovalens Ltda.
MethaControl IBCB 425 WP M. ﬁmbriolata, N. entreriana, D. ﬂavopicta Simbiose Ltda.
Methamax EC IBCB 348 OD M. ﬁmbriolata Novozymes Ltda.
Metie IBCB 425 WP N. entreriana Ballagro Ltda.
Opala IBCB 425 WP M. ﬁmbriolata, N. entreriana Lab. Biocontrole Farroupilha Ltda.
Beauveria bassiana s. str.
Agrivalle AUIN IBCB 66 WP Bemisia tabaci, Cosmopolites sordidus, Dalbulus maidis, Tetranychus urticae Agrivalle Ltda.
Beauveria Oligos WP IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Oligos Biotecnologia Ltda.
Boveril WP ESALQ PL63 WP B. tabaci, Hypothenemus hampei, Gonipterus scutellatus, T. urticae Koppert do Brasil Ltda.
BeauveControl IBCB 66 WP B. tabaci, D. maidis, T. urticae Simbiose Ltda.
Ballvéria IBCB 66 WP B. tabaci Ballagro Ltda.
Beauveria JCO IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae JCO Ltda.
Bovebio IBCB 66 WP B. tabaci, D. maidis, T. urticae Biofungi Ltda.
Bioveria WP IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Bioenergia do Brasil SA
Bouveriz WP Biocontrol IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Biocontrol Ltda.
Ecobass IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Toyobo do Brasil Ltda.
Bovemax EC CG 716 OD H. hampei, Diaphorina citri, Hedypathes betulinus Novozymes Ltda.
Boveria-Turbo IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Biovalens Ltda.
Granada IBCB 66 WP B. tabaci, C. sordidus, D. maidis, T. urticae Lab. Biocontrole Farroupilha Ltda.
Isaria fumosorosea
Challenger ESALQ 1296 OD D. citri Koppert do Brasil Ltda.
a Formulation types according to Faria and Wraight (2007): WP=wettable powder, TK= technical concentrate (non-formulated material), SC= suspension concentrate, OD=Oil
Dispersion.
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become available for use in Brazilian coﬀee (Table 1).
The CBB’s cryptic behavior within the coﬀee seed makes control
problematic, but CBB can be targeted when adult females colonize new
coﬀee berries, known as the “transit period” (Cure et al., 1998). Beau-
veria bassiana is typically applied to trees when CBB females are in
transit (Rosa et al., 2000), although there is little published data de-
monstrating the eﬃciency of this strategy in Brazil. An alternative ap-
proach has focused on applying B. bassiana to infested fallen berries,
which comprise a CBB reservoir (Bustillo et al., 1999; Jaramillo et al.,
2015). In Brazil, applications of B. bassiana with fertilizers, which are
applied 2–3 times a year during the rainy season where fruiting occurs,
have been proposed. To test this approach, pure conidia powder of B.
bassiana ESALQ PL63 at 2×1012 conidia ha−1 combined with granu-
lated chemical fertilizers was applied to the soil in a coﬀee plantation in
2015 and 2016 in Minas Gerais State, Brazil. These applications re-
duced CBB by 34% and 50% each year, respectively, compared with
control plots (L.H.C. Mota, unpublished).
In many regions of the world, the CBB is monitored with methanol-
ethanol traps (Dufour and Frérot, 2008). Mota et al. (2017) proposed
incorporating B. bassiana conidia within these traps as an auto-
dissemination strategy in the ﬁeld, whereby CBB beetles are con-
taminated by the fungus. The premise is that contaminated CBB beetles
will spread the disease through contact with conspeciﬁcs to further
increase inoculum potential after sporulation on cadavers in the en-
vironment. This strategy was tested, which resulted in over 60% mor-
tality of beetles that were recovered in small plots after 150 days of trap
placement (Mota et al., 2017). However, the eﬀectiveness of large scale
deployment of autodissemination traps containing fungus for CBB
control has not been conﬁrmed.
4.4. Other microbial control programs
Entomopathogenic fungi have been used to control Leptopharsa he-
veae (Hemiptera: Tingidae), a pest of rubber trees that feeds on leaves
reducing latex productivity (Li et al., 2010). Since 2010, up to
15,000 ha have been sprayed annually with an unidentiﬁed en-
tomopathogenic fungus. Commercial isolates referred to as Sporothrix
insectorum actually consist of a complex of species identiﬁed in several
fungal genera such as Lecanicillium, Calcarisporium, and Isaria (=Evla-
chovaea) (K. Hodge, personal communication; Humber et al., 2013).
Due to the economic importance of L. heveae on rubber tree plantations,
the identity of these fungal species needs to be elucidated.
A mycoinsecticide based on B. bassiana has been used in eucalyptus
to manage the snout beetle, Gonipterus scutellatus (Coleoptera:
Curculionidae). Snout beetle feed on new shoots and leaves, leading to
losses up to 30% of timber, with 11,000 ha aﬀected by this pest in 2014
(Wilcken and Oliveira, 2015). The use of B. bassiana has reportedly
achieved mortality rates approaching 80% (C.F. Wilcken, personal
communication). The fungus is generally applied as a dusting powder
(2 kg of commercial product+ 12 kg of talc as an inert per ha) with one
to three applications at 30-day intervals. The fungus is used in an in-
tegrated approach by combining applications with releases of the egg
parasitoid Anaphes nitens (Hymenoptera: Mymaridae), which ultimately
lowers chemical usage. This strategy represents an advantage over
chemical insecticides, since the fungus does not infect the parasitoid.
The banana weevil, Cosmopolites sordidus (Coleoptera:
Curculionidae), occurs in all banana-producing regions in Brazil.
Weevil populations pose a threat after successive cultivation cycles. The
larvae feed within the banana rhizome, reducing plant vigor and in-
creasing susceptibility to root rot plant pathogens. Laboratory screening
of B. bassiana revealed high activity of some Brazilian strains against C.
sordidus (Almeida et al., 2009; Lopes et al., 2011a) and ﬁeld trials with
selected strains indicated a signiﬁcant decrease of the insect population
size (Fancelli et al., 2013). One promising strain (IBCB 66) is used
commercially as part of an attract-and-kill strategy. A paste of dry aerial
conidia of the fungus mixed with vegetable oil is added to a trap baited
with the aggregation pheromone sordidin or, alternatively, to the
pseudostem of the plant split longitudinally and placed underneath the
trap. Decaying plant volatiles attract adult weevils as well, which are
subsequently infected. This strategy is considered a low-cost alternative
to chemicals for banana weevil control in small and organic banana
farms (Lopes et al., 2014a).
4.5. Developing pest control projects using entomopathogenic fungi
Ongoing research in Brazil is investigating the use of en-
tomopathogenic fungi against new pests in diﬀerent cropping systems.
These studies are aimed to develop new fungal products as well as to
foster the use of registered products against new targets.
4.5.1. Stinkbugs
Stinkbugs (Hemiptera: Pentatomidae) are major pests of numerous
crops in Brazil. These insects are known for their low susceptibility to
fungal infections, probably due to a chemical barrier associated with
their epicuticle layer (Lopes et al., 2015; Sosa-Gomez et al., 1997). One
strategy to overcome this chemical barrier includes sublethal doses of
chemical insecticides applied in combination with fungal en-
tomopathogens. Quintela et al. (2013) reported that M. anisopliae
(strain CG 168) amended with sublethal dose (¼ label rate) of thia-
methoxam signiﬁcantly increased the ﬁeld mortality of the rice stalk
stinkbug, Tibraca limbativentris, when compared with their single
counterparts. This strategy to improve the activity of mycoinsecticides
could also be applied toward other stinkbugs to delay or prevent in-
secticide resistance and to reduce over-reliance usage.
4.5.2. Asian citrus psyllid
Diaphorina citri (Hemiptera: Liviidae) the vector of greening (also
known as Huanglongbing), is a challenge to the citrus industry in Brazil
(Belasque et al., 2010). In Brazil, the disease has been managed by
frequent chemical insecticides applications against the vector along
with an eradication program to remove infected trees, resulting in in-
creased production costs.
Laboratory and ﬁeld tests of fungal strains have revealed the po-
tential of B. bassiana and Isaria fumosorosea to control D. citri (Ausique
et al., 2017; Conceschi et al., 2016). These works showed that D. citri
nymphs are more susceptible to entomopathogenic fungi compared
with adults. Research also indicates that the addition of certain sur-
factants in the formulation can improve infection rates, especially
against adults. The surfactant also allows less water to achieve plant
canopy coverage with fungal spores (Ausique et al., 2017). The po-
tential reduction of the spray volume is an important factor to make the
use of mycoinsecticides in citrus economically viable. After seven years
of research, a product based on I. fumosorosea ESALQ 1296 aerial
conidia formulated as an oil dispersion (OD) was registered in No-
vember 2017 as the ﬁrst mycoinsectide against D. citri in Brazil. This
product has potential to reduce both chemical pesticide load in citrus
and indirect costs associated with pesticide-induced disruption of other
natural enemies of citrus arthropod pests.
4.5.3. Grasshoppers
Savannahs in the States of Mato Grosso and Rondonia are natural
habitats for the gregarious grasshopper Rhammatocerus schistocercoides
(Orthoptera: Acrididae), which feeds on native grasses. This insect be-
came a pest in the 1980s following introduction of sugarcane, rice and
corn in this region, and outbreaks caused severe defoliation of such
crops (Lecoq, 1991). In order to replace the widespread usage of che-
mical insecticides in environmentally sensitive areas, a project funded
by FAO in the 1990s evaluatedMetarhizium acridum strain CG 423 for R.
schistocercoides management. Field trials showed that the fungus was
quite eﬀective when applied to nymphal stages in the native savannah
vegetation, resulting in population reductions as high as 88% (Faria
et al., 2002; Magalhães et al., 2000). As a result of the planting of
G.M. Mascarin et al. Journal of Invertebrate Pathology 165 (2019) 46–53
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soybean and cotton in place of former grass crops, this non-migratory
grasshopper is now restricted to protected indigenous sites away from
crops, and trials with fungal applications have been terminated. How-
ever, occasional swarms of other acridids, including endemic species
such as Schistocerca pallens or invasions of S. cancellata from Argentina,
could lead to a renewed interest in the use of this entomopathogen.
4.5.4. Insect vectors of human pathogens
Surveys have been conducted to identify eﬀective fungal isolates
that infect adults, larvae and eggs of Aedes aegypti (Diptera: Culicidae)
(Leles et al., 2010; Luz et al., 2007; Silva et al., 2004), a vector of
human viral diseases such as Dengue, Chikungunya and Zika fever.
Novel ﬁndings on the ovicidal activity of some fungi have been reported
(Luz et al., 2008; Sousa et al., 2013). Studies on formulation (Carolino
et al., 2014; Gomes et al., 2015; Lobo et al., 2016) and mixtures of M.
anisopliae with sublethal doses of chemical insecticides (Paula et al.,
2013) have provided insights of how these fungi can be deployed under
ﬁeld conditions. These results emphasize the potential of Metarhizium
spp. against aquatic and terrestrial stages of A. aegypti and possibly
other mosquitoes. Fungi have also been evaluated against some biting
ﬂies, and both B. bassiana and M. acridum reduced eclosion of eggs and
negatively aﬀected the adult and larval survivorships of the sand ﬂy,
Lutzomyia longipalpis (Diptera: Psychodidae), the primary vector of
visceral leishmaniasis (Amóra et al., 2009, 2010).
Fungal entomopathogens have been investigated for use against
kissing bugs, vectors of Chagas disease, for two decades in Brazil (Luz
et al., 1998; Rocha and Luz, 2011). Dry conditions in homes and other
habitats limit fungal spores from germinating, reducing the potential
for pest control. To address this problem, oil-based B. bassiana for-
mulations have been tested against Triatoma spp. (Hemiptera: Re-
duviidae) with promising results (Luz et al., 2004). A formulation of M.
anisopliae sensu lato (s.l.) in oil and diatomaceous earth signiﬁcantly
increased mortality of T. infestans eggs and nymphs even at low ambient
humidity in the laboratory (Luz et al., 2012; Rodrigues et al., 2015).
Advances in fungal formulations could represent a breakthrough in the
control of Chagas disease vectors.
4.5.5. Ticks
Documented tick resistance to chemical acaricides is an incentive to
develop fungal products, although currently no product is registered in
Brazil. However, several fungi have been investigated for tick man-
agement. One Metarhizium product registered for spittlebug control has
shown good activity against several ticks (Acari: Ixodidae), including
the brown dog tick, Rhipicephalus sanguineus s.l. (Alves et al., 2017), a
vector of spotted fever to humans, Amblyomma sculptum (Lopes et al.,
2007), and the cattle tick, Rhipicephalus microplus (Camargo et al.,
2014). Fungi may be used on the animal host during the parasitic phase,
as well as in the environment during the non-parasitic life stage. Con-
idia formulated in mineral oil or oil dispersions have provided en-
couraging results against R. microplus (Camargo et al., 2014, 2016).
Treating infested environments where most ticks (95%, according to
Powell and Reid, 1982) inhabit when not actively feeding on hosts is a
viable alternative application strategy, since such habitats provide high
humidity, moderate temperature and are generally protected from solar
irradiation. However, biological control of ticks in these environments
is challenged by the relatively slow speed of kill and need for high
concentrations of fungal propagules (Fernandes and Bittencourt, 2008).
Prospects for improving the performance of fungi against ticks
might be achieved with new formulations that are more en-
vironmentally persistent. A patent for a multiparticulate formulation of
M. anisopliae s.l. microsclerotia is deposited in Brazil at the National
Institute of Industrial Propriety (INPI BR10 2017 0040615, patent
pending). This technology concerns microsclerotia formulated as pellets
for soil application against engorged tick females that drop from their
host to lay their eggs. The eﬃciency of these microsclerotial pellets
against ticks in the ﬁeld requires further investigation.
5. Advances in product development
5.1. Mass production
Most mycoinsecticides in Brazil are still based on aerial conidia
produced by solid substrate fermentation technologies using cooked
cereal grains (whole rice, white rice, parboiled rice, broken rice and
millet) inoculated with the fungus in plastic autoclavable bags or laid in
trays (Alves and Lopes, 2008; Li et al., 2010; Mascarin et al., 2010).
Some biopesticide companies can process up to 20 tons of fungus-co-
lonized grains per day, but this process is labor intensive and prone to
contamination (Alves and Lopes, 2008; G.M. Mascarin, personal com-
munication). In this process, grain is often mixed or manually kneaded
adding labor while the fermentation generally requires 10–14 days to
form conidia. Another issue is that conidia from grain substrates are
diﬃcult to mass harvest. In Brazil, most manufacturers wash conidia
from the substrate using a surfactant, or alternatively air dry the
fungus-colonized substrate and grind it to a powder, or else extract pure
spores through sieve extraction and vacuuming prior to formulation
(Faria and Wraight, 2007; Li et al., 2010).
The biphasic fermentation process is an improvement of the solid
substrate fermentation which has now been adopted by some manu-
facturers. Advantages of biphasic fermentation are rapid pre-inoculum
production, reduced contamination risks and low capital equipment
costs. Disadvantages include long development times until spore pro-
duction is completed, variations in product yield and quality from
batch-to-batch, and the diﬃculty in drying and harvesting the spores
from fungus-colonized substrates before ﬁnal formulation and stabili-
zation (Jackson, 1997; Mascarin et al., 2010; Mascarin and Jaronski,
2016).
In contrast to the solid state methods, liquid culture fermentation
for production of mycoinsecticides has received recent attention by the
industry, due to advantages in scalability. Compared with solid-state
systems, submerged fermentation provides a cost-eﬀective and fast
method to produce large quantities of high quality fungal propagules
(Jackson and Mascarin, 2015; Mascarin et al., 2016b, 2015a, 2015b;
Mascarin and Jaronski, 2016). Other beneﬁts include low labor inputs,
precise control over growth conditions, batch-to-batch consistency, and
the ability to produce diﬀerent propagule types with improved ﬁtness
along with secondary metabolites and enzymes, which may help to
enhance fungal virulence.
The production of blastospores in low-cost liquid media formulation
may similarly reduce production costs by reducing labor and fermen-
tation times (Jackson and Mascarin, 2015). These beneﬁts may advance
the adoption of liquid culture fermentation for mass production for
commercial fungal entomopathogens in Brazil. However, blastospores
are susceptible to UV and heat stress, typical conditions in Brazilian
environments, and further investigations on their use are required for
the development of mycoinsecticides based on this type of propagule in
Brazil.
5.2. Packaging technologies
The short shelf life of fungal formulations limits the use of my-
coinsecticides in tropical regions, where high temperatures are com-
bined with a lack of refrigerated storage (Faria et al., 2012). Shelf lives
of commercial products vary across storage temperatures, and
minimum viabilities of fungal propagules in commercial products have
been considered to be ≥85% (Jenkins and Grzywacz, 2000). A study
performed in diﬀerent regions of Brazil revealed that temperatures in
chemical storage warehouses average near 30 °C (M. Faria and R.B.
Lopes, unpublished). Therefore, commercial products should ideally
remain viable at this temperature, with shelf lives of at least
3–6months, and ideally 18months, based on our experience.
Formulating conidia with low water content (aw < 0.100, equiva-
lent to< 4.5% moisture content) and anaerobic packaging (hermetic
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packages+ oxygen/moisture absorbing sachets) may improve the sto-
rage conditions of mycoinsecticides. Faria et al. (2012) showed that
under these conditions B. bassianamaintained> 80% germination after
six months at 40 °C or two months at 50 °C. Stabilizing blastospores of
hypocrealean fungi to achieve long shelf life in tropical countries poses
a challenge. However, recent progress has been achieved using B.
bassiana blastospores stabilized through spray drying systems coupled
with vacuum packaging in water-proof laminate sachets to achieve low
oxygen and moisture contents, as well as by employing active packa-
ging technology based on dual oxygen and moisture scavengers to
prolong the blastospore shelf life at room temperature. Germination
counts> 70% within 7 h incubation were achieved for air dried blas-
tospores after 12months stored at 28 °C, using a dual oxygen-moisture
absorver placed inside the packages (Jackson and Mascarin, 2015;
Mascarin et al., 2016b). Adding ascorbic acid and other antioxidants
during spray drying of blastospores may alleviate oxidative stress
caused by elevated heat, thus resulting in prolonged shelf lives
(Mascarin et al., 2016b).
5.3. Quality control
The adoption of fungal entomopathogens as commercial products in
Brazil has been limited by quality issues (Michereﬀ-Filho et al., 2009).
Improved quality control of mycoinsecticides can be achieved by in-
creasing the proportions of vigorous (fast-germinating) conidia which
are responsible for most mortality of treated insects (Faria et al., 2015).
Vigorous conidia are less susceptible to imbititional damage compared
with low-quality (slow-germinating) spores (Faria et al., 2017). Pro-
duction of high quality formulated mycoinsectides involves producing a
high proportion of fast-germinating propagules. Assessment of my-
coinsecticides quality should ideally exclude reliance on Colony
Forming Units as a way to estimate concentrations of infective propa-
gules, as this method does not discriminate between fast- and slow-
germinating conidia. The adoption of the quality control criteria dis-
cussed in this section may improve batch-to-batch uniformity and
consistency under ﬁeld conditions. Quality control protocols for dried
preparations of blastospores and microsclerotia of many fungal en-
tomopathogens requires further research.
6. Biopesticide regulation in Brazil
In Brazil, registration requirements for biopesticides pose a chal-
lenge for small- and medium-sized companies. Biopesticide registration
is regulated through the Ministry of Agriculture, Livestock and Food
Supply. Registration requirements include assessments of product eﬃ-
cacy, as well as environmental, human and animal safety. In 2007, the
Brazilian Association of Biological Control Companies (ABCBio) was
founded to support biological control and to foster discussions between
industry and government regarding improved registration policies for
biopesticides. An important step was the adoption of a new legal fra-
mework, in 2009, that established new streamlined criteria for re-
gistering products for organic farming. This policy encourages a
bottom-up pathway whereby farmer organizations suggest materials
(including biocontrol agents, semiochemicals, and other biopesticides)
in consideration for approval by the Ministry of Agriculture, Livestock
and Food Supply.
Several changes have been adopted since the 2009 ruling. First, the
registration of approved agents/substances is no longer required when
production is for personal and not commercial use. For commercial
biopesticides, a simpliﬁed registration dossier replaces the more com-
plex process applied for chemical insecticides, which had previously
been applied to microbial products for conventional agriculture. Since
the approval of this new registration process, 50 biocontrol products
were registered in the between 2011 and 2016 period, compared with
only 41 products over the previous 25-year period under the conven-
tional registration process (R.P. Dias, Ministry of Agriculture, Livestock
and Food Supply of Brazil, personal communication). Once registration
is granted, a given product can also be used in non-organic ﬁelds. The
modiﬁed registration system requires disclosure of all formulation in-
gredients of the formulation, and since some biopesticide manu-
facturers do not wish to disclose, they still prefer to use the conven-
tional registration route.
7. Future directions
Despite recent developments and technological advancements, ad-
ditional progress with commercial formulation, quality control, and
delivery systems are needed to maximize widespread adoption of my-
coinsecticides in Brazil. The acquisition of Brazilian biopesticide com-
panies by international agrochemical or biocontrol companies is re-
sulting in the commercial availability of higher quality products.
Brazil’s biopesticide industry continues to develop new markets for
existing chemicals and new products based on endemic fungal strains.
This market consolidation may strengthen IPM programs in which
chemical and biological products are integrated. The sustainable
growth of the mycoinsecticide industry will rely on improved mass
production, including novel, cost-eﬀective solid fermentation systems
for aerial conidia and liquid fermentation for blastospores and micro-
sclerotia. Due to storage issues in tropical climates, companies should
invest in packaging and shelf life extension technologies. New delivery
strategies such as “attract-and-kill” or “autodissemination” will receive
additional attention where eﬃcacy can be demonstrated under opera-
tional conditions. Another approach is the commercial development of
endophytic and mycorrhiza-like products using fungal entomopatho-
gens, which may enhance the growth and productivity of some crops.
Moreover, new products that combine fungal entomopathogens with
botanical or chemical insecticides (or multiple species or strains of
fungi) provide opportunities to broaden the target pest range and po-
tential eﬀectiveness. With this background in mind, Brazilian scientists
must focus on new technologies that fully harness the utility of fungal
biocontrol agents.
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